We have carried out a campaign to characterize the hot Jupiters WASP-5b, WASP44b, and WASP-46b using multi-band photometry collected at the Observatório do Pico Dos Dias in Brazil. We have determined the planetary physical properties and new transit ephemerides for these systems. The new orbital parameters and physical properties of WASP-5b and WASP-44b are consistent with previous estimates. In the case of WASP-46b, there is some quota of disagreement between previous results. We provide a new determination of the radius of this planet and help clarify the previous differences. We also studied the transit time variations including our new measurements. No clear variation from a linear trend was found for the systems WASP-5b and WASP-44b. In the case of WASP-46b, we found evidence of deviations indicating the presence of a companion but statistical analysis of the existing times points to a signal due to the sampling rather than a new planet. Finally, we studied the fractional radius variation as a function of wavelength for these systems. The broadband spectrums of WASP-5b and WASP-44b are mostly flat. In the case of WASP-46b we found a trend, but further measurements are necessary to confirm this finding.
INTRODUCTION
Since the announcement of the discovery of the first exoplanets orbiting the pulsar PSR 1257+12 (Wolszczan & Frail 1992; Wolszczan 1994 ) and the subsequent discovery of an exoplanet around a main sequence star (Mayor & Queloz 1995) , more than three thousand planets orbiting other stars have been detected (Schneider et al. 2011, see exoplanet.eu ). An exoplanet's orbit oriented along the line of sight provides unmatchable access to a list of both planetary astrophysical properties and orbital elements. The favorable geometry of transiting extrasolar planets (TEPs) allows the measurement of the true planetary masses and radii provided some external constraints from stellar evolutionary theory or empirical stellar mass-radius relations ). Moreover, if the stellar limb-darkening is assumed to be negligible, the density of the star can be measured directly from ⋆ E-mail: mmoyano@ucn.cl † E-mail: leonardodealmeida.andrade@gmail.com the light curve alone (Seager & Mallén-Ornelas 2003) . Additionally, some of the stellar light filters through the exoplanet atmosphere during transit, resulting in spectral footprints that may reveal characteristics of the exoplanetary atmosphere (e.g. Swain et al. 2010) . TEPs allow for the first time to access an accurate ensemble of planetary properties, thus the accurate characterization of each system plays an important role for both the determination of fundamental parameters and recognition of astrophysically interesting targets for follow-up work such as Transit Timing Variation (Holman & Murray 2005; Holman et al. 2010, TTV) or atmospheric characterization (see e.g., Seager & Deming 2010) . Hot Jupiters (HJs) are a class of large and gaseous planets similar to Jupiter, but orbiting very close to their host stars. These characteristics make these objects easier to detect compared with low-mass planets at wider orbits. Despite the large number of HJs discovered fundamental questions about their formation and evolution are still under debate. The main scenarios proposed to explain their tight orbital trajectories are the formation of orbits with a small inclination via disk migration, or very inclined orbits via higheccentricity migration due to tidal dissipation caused by gravitational interactions with another companion (see e.g. Ford & Rasio 2008; Thies et al. 2011; Tutukov & Fedorova 2012; Valsecchi & Rasio 2014) . Therefore, precise physical and geometrical parameters of HJs derived from optical and infrared photometry are essential to test the planetary formation and evolution theories as well as to distinguish different types of atmospheres (Sing et al. 2016) . In this paper we present precision relative photometry of three HJs: WASP-5b, WASP-44b and, WASP-46b (Anderson et al. 2008 (Anderson et al. , 2012 . WASP-5b is a Hot-Jupiter with a mass of MP = 1.64 MJ and a radius of RP = 1.17 RJ transiting a bright (V = 12.3 mag) G4V star on a 1.63 day orbit. WASP-44b has a mass of MP = 0.89 MJ and a radius of RP = 1.00 RJ orbiting a bright (V = 12.9 mag) G8V star with an orbital period of 2.42 day. WASP-46b is a massive (MP = 2.10 MJ) hot Jupiter with a radius of RP = 1.31 RJ eclipsing a bright (V = 12.9 mag) G6V star on a 1.43 day orbit. This paper is structured as follows: Section 2 describes the observations and the data reduction, Section 3 presents our results and analysis, and in Section 4 we discuss our results and state our conclusions.
OBSERVATIONS AND DATA REDUCTION
The observations were carried out using the facilities of the Observatório do Pico dos Dias (OPD/LNA), in Brazil 1 . Transits of the planets WASP-5b, WASP-44b, and WASP46b were observed on 2011 August, 2012 August, 2013 July, and 2013 August using the Andor iKon-L CCD cameras mounted on the 1.6-m and 0.6-m telescopes. These cameras provide plate scales of 0.18 and 0.34 arcsec/pixel, respectively. A summary of the collected data is reported in Table 1. In this table, N is the number of individual images obtained with integration time texp. The basic data reduction was done using IRAF 2 tasks. We created a master median bias of typically ∼100 bias frames for each observing night. A normalized master flatfield frame was obtained by combining and then normalizing ∼30 dome flat-field images. We process the images by subtracting the master bias and then dividing by the normalized master flat frame. The target fields are not crowded, thus we performed standard differential aperture photometry. The telescope tracking and pointing were not stable during the observations, thus we carefully placed the apertures in each image for both the target and the reference non-variable stars. The fluxes were extracted using an implementation of DAOPHOT (Stetson 1987) . We experimented with different apertures and sky rings and kept those which resulted in the lowest standard deviation after subtracting the fitted transit model (see next section). This was an efficient way of both measuring the fit quality, due to the reduced number of out-oftransit observations, and discarding outliers. We iteratively removed the outliers discarding measurements 3 × σ away from the resulting model light curve (see next section). We repeated this process up to 3 times for each band which resulted in a maximum of removal of 1.5% of the data points and an average reduction of 10% in the residuals standard deviation. The final aperture values used to extract our light curves are listed in Table 1 3 .
ANALYSIS AND RESULTS

Light curve Analysis
To fit the light curves we used EXOFAST (Eastman, Gaudi, & Agol 2013) . This software implements the Markov Chain Monte Carlo (MCMC) method to estimate and characterize the parameters' uncertainty distributions (Ford 2005 (Ford , 2006 and the light curve models of Mandel & Agol (2002) . To evolve the MCMC chains it uses the Differential Evolution MCMC method (Ter Braak 2006) . We included at each MCMC step the background value at the central pixel, airmass, and CCD positions, thus ensuring these systematics are considered at each MCMC jump. In fact, these systematics were critical to fit properly our light curves in the cases of changes of the positions of our targets and references (see discussion below about our systematics). To include these parameters in the MCMC chains we considered a linear combination of the (x,y) pixel positions of the target's star centroid, the airmass, and the background value which was computed averaging the pixel values within a ring around the star. For each light curve we ran MCMC chains of maximum 100,000 iterations, and discarded the first 25,000 chains which eliminated any bias due to the starting conditions ("burn-in" process, Tegmark et al. 2004 ). To check their convergency, we divided the final 75,000 values into three, and computed the mean and standard deviation (best fit value and error) of the posterior distributions. If the derived values were consistent within 1 sigma errors, we considered the chains to be convergent. Since we fitted only transit data, we complemented our fits with spectroscopic information taken from Anderson et al. (2008 Anderson et al. ( , 2012 ; Triaud et al. (2010) . We fixed the eccentricities to zero, as the radial velocity data is consistent with circular orbits. EXOFAST uses a quadratic law to take into account the limb-darkening. Southworth (2008) proved this law is sufficient to model high quality ground-based light curves. We fitted both coefficients for each light curve. Espinoza & Jordán (2015) proved that this approach introduces bias just up to ∼ 1% in Rp/R * . EXOFAST adds a penalty term at each MCMC jump based on the tables of Claret & Bloemen (2011) , thus constraining the fitted limb-darkening coefficients and preventing their values to be unphysical. We calculated the standard deviation of the measurements after subtracting the fitted model (scatter) to assess the quality of the fit. The final scatter values are displayed on Table 1 . Light curves of planetary transits have systematic effects, the so called correlated "red noise" (Pont, Zucker, & Queloz 2006) . To quantify this noise we used the residual permutation method (Jenkins, Caldwell, & Borucki 2002, RPM) implemented in the transit analysis package JKTEBOP (Southworth 2008) . In this method, the residuals around the best fit are shifted point by point along the observations and a new fit is performed (if a residual is shifted after the end it is moved to the beginning). This is done for all observational data points. From the resultant distribution the errors are calculated as in the MCMC case. These uncertainties are a way to quantify the systematics present in our data. We found that the uncertainties determined by the RPM are in most cases similar to the MCMC case for the data taken with the 1.6 − m telescope (there just a couple of extreme cases where the RPM uncertainties are slightly larger). In the case of data taken with the 0.6 − m telescope, the RPM uncertainties are up to three times the MCMC uncertainties, so the systematics are stronger in this case. This is in part explained because the pointing of the 0.6 − m telescope changes more drastically (drift of 90 pixels for every 20 minutes of observing time), thus target and references are placed on different CCD positions, therefore increasing the systematics due to changes in quantum efficiency. Additionally, the 0.6 − m has no guiding system. The 1.6 − m telescope has a guiding system and therefore a better pointing. As pointed out before, these changes of position were taken into account at each MCMC iteration.
We also fitted the light curves with JKTEBOP using MCMC simulations (using an approach similar to that of EXOFAST). This served as a consistency check of our EXOFAST results. We found the results to be consistent with each other within one standard deviation. We preferred EXOFAST results because it implements at each MCMC jump a penalty term taking into account the decorrelation parameters. As stated before, taking into account the systematics present in our data is critical for improving the final results and to properly characterize the uncertainties. As a final consistency check, we also analyzed our light curves using the graphical transit analysis interface TAP (Gazak et al. 2012 ). We also found the results to be consis- Figure 1 . WASP-5b light curves. From top to bottom the V-and I C -band light curves respectively. The red curves are the best fits superimposed. The residuals of the fitted model are displayed at the bottom. The displayed light curves are decorrelated using the parameters described in Section 3.1.
tent with EXOFAST within one standard deviation. This is expected, because TAP uses EXOFAST (Gazak et al. 2012 ), but iterates the MCMC chains using a wavelet-based likelihood (Carter & Winn 2009 ). All the results presented in this paper come from the EXOFAST results and the other tools were used just as an initial consistency check. Figures 1, 2 and 3 show the resultant light curves of WASP-5b, WASP-44b, and WASP-46b, respectively. In all cases, the scatter of the residuals was better than 0.4%. . WASP-46b light curves. From top to bottom the V-, R C , and I C -band light curves respectively. The red curves are the best fits superimposed. The residuals of the fitted model are displayed at the bottom. The displayed light curves are decorrelated using the parameters described in Section 3.1. Tables 2, 3 , and 4 show the determined parameters in all bands for the planets WASP-5b, WASP-44b, and WASP-46b, respectively. As mentioned before, the quality of the light curves taken with the 1.6-m telescope is better, so we preferred those for IC-band results of WASP-44b. Thus, all the results presented in this paper refer to the IC-band taken with the 1.6-m telescope for the WASP-44b system. The inclination of the system and the orbital semimajor axis are independent of wavelength, thus a unique value can be determined. We calculated a final value using as weight the inverse square of the individual uncertainties. Table 5 shows the results and previous estimates for the planets WASP-5b, WASP-44b, and WASP-46b, respectively. Our values are consistent with previous results for these planets. We have improved the value of the inclination for WASP-5b and the normalized semi-major axis a/R * for WASP-46b.
System Parameters
Transit ephemerides
We determined the transit ephemerides of WASP-5b, WASP-44b, and WASP-46b assuming linear ephemerides. We combined our mid-transit times with all measurements published in the literature including the times available on TRESCA 4 . We selected all the entries on TRESCA with a data quality index better than 3 and we inspected each light curve for possible systematics. We converted all measurements to barycentric dynamical time BJD(TDB) using the time routines from Eastman, Siverd, & Gaudi (2010) . For the TRESCA transit times we convert their JD(UTC) to BJD(TDB) which is more precise than converting directly their HJD(TT) to BJD(TDB). To fit the mid-transit times we used the expression Tmin = T0 + E × P b , where Tmin are the predicted mid-transit times, T0 is a fiducial epoch, E is the cycle count from T0, and P b is the planetary orbital period. We use a simple linear regression to fit the linear ephemerides equation to the mid-transit times. The best solutions obtained were:
for WASP-5b, WASP-44b, and WASP-46b, respectively.
Transit timing variations
The mid-transit times and the residuals from the fit are shown in Figure 5 and listed in Tables 6, 7 value is large enough to suspect TTVs. To further investigate this we applied a Lomb-Scargle periodogram (Lomb 1976; Scargle 1982; Zechmeister & Kürster 2009) to the (O-C) values. The derived false alarm probabilities (FAP) are FAP WASP−5b = 0.64, FAP WASP−44b = 0.17 and FAP WASP−46b = 0.0002, placing again WASP-46b as a good candidate for TTVs. The power spectrum of WASP-46b's periodogram has a peak at 0.0034 ± 0.0004 c/d (cycles per day), which corresponds to ∼295 days. The frequency and error were computed fitting a Gaussian profile to the maximum peak of the periodogram. As a measurement of the amplitude of WASP-46's (O-C) diagram we used its standard deviation, with a value of 250.7 seconds. We finally re-determined the FAP of the TTV signal but using a bootstrap resampling method. For this, we randomly permuted the mid-transit values along with their errors 5×10 5 times, but leaving the epochs fixed. At each iteration we calculated a Lomb-Scargle periodogram from the permuted (O-C) diagram. We estimated the FAP as the frequency with which the highest power in the scrambled periodogram exceeds the maximum power in the original periodogram. Using this more reliable technique, the re-estimated FAP for WASP46b is 0.04, inconsistent with the one computed in the usual way but still low. Finally, to characterize WASP-46b's TTVs we computed the spectral window of its (O-C) diagram. If the signal is associated with the sampling rather than to the true TTV signal, then the spectral window power spectrum should have a similar peak around 0.0034 c/d. This was the case. We found one single and isolated peak at 0.0026 ± 0.0004 c/d, just consistent with the previously computed TTV signal at the 1-σ level (see Figure 4) . Although the TTV amplitude is significantly large, we notice that the more distant an (O-C) data point is from zero, the larger its error bar is. We therefore advise caution to readers who may want to interpret these TTVs.
Broadband spectrum
Multi-band transit observations allow to study the fractional radii variation as a function of the wavelength. The planetary radius Rp derived from transit observations may vary with the wavelength, as it can appear slightly larger when observed at wavelengths where the atmosphere contains strong opacity sources (Burrows et al. 2000; Seager & Sasselov 2000) . These changes are at first approximation the broad-band transmission spectrum (e.g. Nikolov et al. 2013 ). We fitted our light curves again, but now we introduced as priors the calculated common parameters shown in Table 5 and the orbital periods. This improves the quality of the fractional radius determination. The improved results for this parameter are shown in Ta- bles 2, 3, and 4 for WASP-5b, WASP-44b, and WASP-46b, respectively. Figures 6, 7 , and 8 show the resulting fractional radii variation as a function of wavelength using our measurements (red squares) and the ones available in the literature (pink squares) for the planets WASP-5b, WASP44b, and WASP-46b, respectively. The horizontal error bars represent the FWHM of the used filters. The superimposed dotted green line in these figures is the linear fit using only our measurements constraining the fit to cross our measurement with the longest wavelength. We calculated the slopes of these lines to investigate some trends in our measurements. The values of the slopes are listed in Table 1 .
In the case of WASP-5b, there are not enough measurements to have an unambiguous view to describe a conclusive scenario for any correlation between the planetary radius and wavelength (e.g. Jha et al. 2000) . In the case of WASP-44b, our values are consistent with a flat spectrum similar to that of Turner et al. (2016) (see their figure 9 ). Our calculated slope (see Table 1 ) is consistent with zero. A flat spectrum is indicative of the presence of clouds in the upper atmosphere which prevent observation of any spectral features (Turner et al. 2016; Seager & Sasselov 2000) . In the case of WASP-46b, we see indications of an increase of radius (4σ) at the shortest wavelengths, a hint of possible Rayleigh scattering in the atmosphere of this planet (Lecavelier Des Etangs et al. 2008) . We notice that Ciceri et al. (2016) found no strong evidence of Rayleight scattering in the atmosphere of WASP-46b (see their figure 8 ). They found a slope with maximum inclination of m = −1.17 × 10 −5 for WASP-46b (1/2 of our slope, see Table 1 ). Although there is rotational modulation on this system (Anderson et al. 2012) , the stellar activity is not sufficient to explain this difference, so further measurements are necessary confirm or rule out this scenario. We also notice that the V-band light curve of WASP-46b is missing the flat part after egress (see Figure 3) , thus preventing from strongly constraining the baseline value, although our measurement is consistent within 2σ with that of Anderson et al. (2012) . As pointed out by Gibson (2014), choosing an incorrect noise model might artificially lower the uncertainties which is equivalent to getting the normalization of the light curve wrong, thus such high slope could be in part explained by the lack of observations after egress. We therefore advise caution to readers who may want to interpret this significant variation of the broadband spectrum of WASP-46b. Although we recognize the V-band planetary to star radii ratio of WASP-46b is significantly larger than in the other bands, additional measurements Figure 5 . The panels from the top to bottom show the (O-C) diagrams for WASP-5b, WASP-44b, and WASP-46b, respectively.
will be needed to confirm this finding due to our lack of observations after egress.
As an alternative way of quantifying how much do the planetary to star radii ratio and wavelength correlate to each other, we made use of the Pearson's correlation coefficient, r. The derived values are as follows: r W ASP −44b = -0.61, r W ASP −46b = 0.11, and r W ASP −5b = 0.05. These coefficients indicate that there is no correlation between the wavelength and planetary to star radii ratio for the systems WASP-5b and WASP-46b (values are close to zero). The coefficient r W ASP −44b indicates that there is a significant anti-correlation for WASP-44b. In any case, we consider it unlikely that the amplitude of the variability in WASP-44b could vary with wavelength by more than 10 scale heights, a sensible limit for expected variability when Rayleigh scattering is being investigated (Sing et al. 2016 ).
SUMMARY
In this paper we have presented multi-band photometry of three hot Jupiters: WASP-5b, WASP-44b, and WASP46b. The data were collected as part of an observational program to characterize hot Jupiters which has been carried out with the facilities of the Pico dos Dias Observatory in Brazil. We performed a detailed analysis of the planetary transits using the following programs: EXOFAST (Eastman, Gaudi, & Agol 2013) , TAP (Gazak et al. 2012) , and, JKTEBOP (Southworth 2008) . Using observations in the V −, B−, RC −, and IC −bands we were able to improve the geometrical and physical parameters of WASP-5b and WASP-46b (see Tables 2 and 4 ), in particular the ratio between the semi-major axis and the stellar radius for WASP46b a/R * = 5.76 ± 0.09. The parameters we derived are consistent with previous studies (see Table 5 ) We obtained improved linear ephemerides for WASP5b, WASP-44b, and WASP-46b using our mid-transit times measurements together with all the other measurements available in the literature (see Section 3.3). The analysis of the residuals from the linear fit, the (O-C) diagram, doesn't show a clear indication of transit timing variation for WASP5b and WASP-44b (see Figure 5) . The (O-C) diagram of WASP-46b shows variation with a semi-amplitude of ∼10 min. We proved this variation is most likely due to the sampling of the observations, but further additional transit time measurements of this system are necessary to secure this finding.
Finally, we studied the variation with wavelength of the planet to star radius for WASP-5b, WASP-44b, and WASP46b. We don't have enough measurements to describe the broad-band spectrum of WASP-5b. In the case of WASP44b, our values are consistent with a flat spectrum similar to that of previous studies. In the case of WASP-46b, we found marginal evidence of Rayleigh scattering which is not in agreement with a previous study. Further measurements are necessary to confirm or rule out this finding.
